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ABSTRACT
Fossil melanosomes are a major focus of paleobiological research because they can inform 

on the original coloration, phylogenetic affinities, and internal anatomy of ancient animals. 
Recent studies of vertebrate melanosomes revealed tissue-specific trends in melanosome-metal 
associations that can persist in fossils. In some fossil vertebrates, however, melanosomes from 
all body regions are enriched only in Cu, suggesting diagenetic overprinting of original chem-
istry. We tested this hypothesis using laboratory experiments on melanosomes from skin and 
liver of the African clawed frog Xenopus laevis. After maturation in Cu-rich media, the metal 
chemistry of melanosomes from these tissues converged toward a common composition, and 
original differences in Cu oxidation state were lost. Elevated Cu concentrations and a perva-
sive Cu(II) signal are likely indicators of diagenetically altered melanosomes. These results 
provide a robust experimental basis for interpretating the chemistry of fossil melanosomes.

INTRODUCTION
Fossil color is a major focus of paleobiologi-

cal research (Roy et al., 2019). Melanosomes, 
micron-sized organelles rich in melanin in vivo, 
are preserved in diverse fossil taxa and tissues 
(Vinther et al., 2008; Lindgren et al., 2012; Man-
ning et al., 2019; Rogers et al., 2019; Rossi et al., 
2019) and provide information about the evolu-
tion of color (Li et al., 2014; Gabbott et al., 2016; 
Lindgren et al., 2018; Manning et al., 2019) and 
the internal anatomy (Rossi et al., 2019) and 
phylogenetic affinities (Clements et al., 2016; 
Rogers et al., 2019) of ancient animals.

Melanosomes typically show tissue-specif-
ic metal associations in extant (Edwards et al., 
2016; Rossi et al., 2019) and some fossil ver-
tebrates (Wogelius et al., 2011; Manning et al., 
2019; Rossi et al., 2019). Other fossil vertebrates, 
however, show widespread Cu enrichment in me-
lanosomes from all tissues (Rossi et al., 2020). 
This renders anatomical interpretation difficult 
and questions whether melanosome-associated 

Cu in other fossils is original or reflects, at least in 
part, diagenetic binding of Cu to degraded mela-
nin. Some fossil melanosomes are rich in metals 
absent from the melanosomal metal inventory 
in extant vertebrates (Rogers et al., 2019; Rossi 
et al., 2019). Collectively, these data suggest that 
the preserved metal complement of melanosomes 
in some vertebrate fossils has been altered by 
diagenetic overprinting. This has not been tested, 
precluding interpretation of preserved chemical 
signatures in fossil melanosomes.

We used taphonomic experiments on am-
phibian melanosomes to test whether the mela-
nosomal metal inventory alters during matura-
tion. Our results reveal significant alteration of 
original melanosome chemistry and identified 
the features that are likely to be taphonomic.

METHODS
Study Design

We analyzed the chemistry of melanosomes 
from the skin and liver of the extant frog Xeno-
pus laevis. Melanosomes from these tissues dif-
fer chemically. Skin melanosomes are enriched 
in Ca and Zn; liver melanosomes are enriched 
in Fe and Cu (Rossi et al., 2019). Experiments 
(Ito et al., 2013) on Sepia (cuttlefish) melanin 

reveal that maturation alters eumelanin and its 
associated metal inventory; experiments on 
vertebrate eye melanosomes reveal diagenetic 
alteration of Cu:Zn ratios (Rogers et al., 2020). 
No comparable studies exist for other vertebrate 
tissues. Our experiments were aimed to inves-
tigate the comparative impact of maturation on 
the metal content of melanosomes from different 
vertebrate tissues. Decay was not considered 
because it does not impact melanosome geom-
etry (McNamara et al., 2018), and impacts on 
melanosome chemistry are likely to be mini-
mal relative to that of maturation. Pressure and 
temperature were not varied in our experiments 
because the impact of these parameters on me-
lanosomes during maturation has been investi-
gated previously (McNamara et al., 2013; Col-
leary et al., 2015). Our experiments focused on 
Cu, which can dominate the metal inventory of 
fossils (Rossi et al., 2020). As in previous stud-
ies on Sepia melanin, the Cu solution we used 
was concentrated relative to natural pore fluids 
(Wong, 1983) to ensure availability of sufficient 
Cu during the experiment (Liu and Simon, 2005; 
Hong and Simon, 2007). The experimental con-
ditions used were almost identical to those of 
Slater et al. (2020) (differing only in pressure: 
130 bar [this study] versus 135 bar [Slater et al., 
2020]), and they were selected to ensure reten-
tion of intact melanosomes after the experiment, 
not to simulate conditions associated with spe-
cific fossil localities.

Maturation Experiments
Melanosome extracts (see the Supplemental 

Material1) from the skin and liver of the extant 
frog Xenopus laevis were placed in gold cap-
sules (n = 12) with 8–12 μL of distilled deion-
ized (DD) water (pH = 7.8) or a 16 mM solution 
of Cu in HNO3 (Sigma-Aldrich analytical 
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standard; here termed “Cu-solution”; pH = 3). 
Capsules were welded shut and matured at 200 
°C, 130 bar (13 MPa) for 24 h in a StrataTech 
custom-built high-pressure rig. Matured extracts 
were air-dried for 8 h.

Scanning Electron Microscopy (SEM)
Micrographs were obtained using a JEOL 

IT100 VP-SEM at an accelerating voltage of 
10 kV and working distance of 10 mm. Long- 
and short-axis measurements were taken for 
50 melanosomes per sample, orientated per-
pendicular to line of sight and in focus.

Micro-Synchrotron Rapid Scanning–X-Ray 
Fluorescence Analysis (Micro-SRS-XRF)

Melanosome extracts were placed on low-
sulfur tape and analyzed at the Stanford Syn-
chrotron Radiation Lightsource (SSRL) using 
synchrotron rapid scanning–X-ray fluorescence 
analysis at beam line 2–3 (see the Supplemen-
tal Material). The fluorescence spectrum was 
collected for each data point, and the intensity 
of fluorescence lines for selected elements (P, 

Ca, Ti, Mn, Fe, Ni, Cu, and Zn) was monitored 
using a silicon drift Vortex detector. Data were 
processed using MicroAnalysis Toolkit software 
(SMAK 1.50, Webb, 2011). Spectra were ana-
lyzed using the Multi-Channel Analysis (MCA) 
spectral fitting function in the MicroAnalysis 
Toolkit, which uses the PyMCA algorithm 
(Solé et al., 2007). Regions of interest (ROIs) 
for quantitative analysis were selected from each 
sample. Elemental concentrations were calibrat-
ed using U.S. National Institute of Standards 
and Technology (NIST)–traceable thin film stan-
dards (MicroMatter, Vancouver, Canada). For 
each ROI, metal concentrations per pixel were 
calculated using standard protocols (i.e., calcu-
lated via a linear regression of the area of the 
MCA trace), and median and interquartile range 
(IQR) values were calculated for each element.

Statistical Analysis
One replicate of liver melanosomes ma-

tured in DD water exhibited anomalously high 
concentrations for all elements and was omit-
ted from the statistical analysis. Concentration 

data for the remaining samples were log-trans-
formed to meet assumptions of normality re-
quired by linear discriminant analysis (LDA) 
and Welch’s analysis of variance (ANOVA). 
Models were validated using residual plots in 
R (R Core Team, 2013). Chemical differences 
among samples were visualized using LDA and 
Welch’s ANOVA. Differences in the geometry 
of melanosomes among all extracts were tested 
using ANOVA and t-tests in R.

X-Ray Absorption Near Edge Structure 
Spectroscopy (XANES)

Three points in the XRF map for Cu from 
each extract were analyzed further. Selected 
points were representative of the mean con-
centration for that sample. Three consecutive 
XANES spectra were collected at each point at 
beamline 2–3 at SSRL by driving the incident 
beam energy through the Cu K edge in a step-
wise fashion using a step size of 10 eV from 
8749 to 8958 eV (pre-edge), 0.35 eV from 8959 
to 9006 eV (across the Cu K edge), and 10 eV 
from 9007 to 9020 eV (postedge) and recording 
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Figure 1.  Box plots of micro-synchrotron rapid scanning–X-ray fluorescence analysis (micro-SRS-XRF) data for untreated and matured mela-
nosomes from the frog Xenopus laevis skin and liver. DD—distilled deionized water; Cu—Cu-solution.
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the emitted intensity of the Kα line as a function 
of incident energy. The three spectra for each 
sample showed no change in peak position or 
signal intensity that would evidence beam dam-
age. The monochromator energy was calibrated 
using a Cu foil. Spectra were processed using 
Athena software (Ravel and Newville, 2005).

RESULTS
XRF spectra showed well-constrained K 

emission peaks for Ca, Fe, Zn, and Cu. Peaks 
for P and Ti were absent, and those for Mn and 
Ni occurred in only two spectra (see Supplemen-
tal Material); these four elements were thus not 
considered further.

Concentrations of Ca, Fe, Cu, and Zn varied 
among extracts (Fig. 1; see the Supplemental 
Material). These elements are frequently asso-
ciated with melanosomes in extant vertebrates 
(Rossi et al., 2019). Untreated melanosomes 
from different tissues were separated in chemo-
space (Fig. 2): untreated skin melanosomes were 
enriched in Ca (median = 1160 µg/cm2 [skin]; 
11 µg/cm2 [liver]) and Zn (83 µg/cm2 [skin]; 
4.6 µg/cm2 [liver]). Liver melanosomes were 
enriched in Fe (203 µg/cm2 [liver], 5.4 µg/cm2 
[skin]) and Cu (34 µg/cm2 [liver], 2.5 µg/cm2 
[skin]) (Fig. 1). The data for extracts matured in 
DD water converged and overlapped close to the 
center of the chemospace: Skin melanosomes 
were depleted in Ca (43.5 µg/cm2) and Zn (1.4 
µg/cm2), and liver melanosomes were depleted 
in Fe (9.8 µg/cm2) and Cu (0.2 µg/cm2) (Fig. 1). 
Melanosomes matured in Cu solution also con-
verged in chemistry, due primarily to an increase 
in Cu concentrations in matured melanosomes 
(skin: 5 µg/cm2; liver: 36 µg/cm2) and, specifi-
cally for skin melanosomes, substantial loss of 
Ca (57.7 µg/cm2) and Zn (6.2 µg/cm2) relative 
to untreated samples (Fig. 1). Somewhat surpris-
ingly, liver melanosomes matured in Cu solution 
showed a considerable loss of Fe (from 203 µg/
cm2 to 52 µg/cm2) but no significant increase in 
Cu compared to untreated melanosomes (from 
34 µg/cm2 to 36 µg/cm2, respectively). Differ-
ences between untreated and matured samples 
from each tissue were statistically significant in 
most cases (Table 1).

XANES spectroscopy revealed variation in 
Cu oxidation state among untreated and matured 
melanosomes, and among melanosomes from 
different tissues (Fig. 3). Untreated skin mela-
nosomes showed a broad region of absorbance 
from ∼8980 to 9000 eV; the region of maximum 
absorbance at ∼8994.0–8995.8 eV indicates a 
dominant contribution from Cu(II), but the prom-
inent shoulder at ∼8980 eV indicates a contri-
bution from Cu(I). Maturation in DD water did 
not alter this absorbance profile, but maturation 
in Cu solution resulted in loss of the shoulder 
at ∼8980 eV, yielding a spectrum with a single 
peak centered at 8994 ± 1 eV, indicating strong 
contributions from Cu(II) only. The spectrum 

for untreated liver melanosomes exhibited broad 
absorbance at ∼8980–9000 eV but lacked the 
shoulder at ∼8980 eV and the peak at ∼8994 eV, 
suggesting contributions from Cu(I) and Cu(II) 
but potentially in a different ratio, or with a dif-
ferent binding environment, compared to Cu in 
the skin melanosomes. Maturation in Cu solu-
tion did not alter the profile of the liver XANES 
spectrum; maturation in DD water generated a 
minor pre-edge peak at ∼8980 eV, indicating an 
enhanced contribution from Cu(I) (Fig. 3).

DISCUSSION
Our results confirm that the metal inven-

tory (i.e., metallome) of melanosomes can be 
altered during maturation and that melanosomes 
from two Xenopus tissues respond differently to 
changes in ambient chemistry. Tissue-specific 

melanosome chemistries can alter during dia-
genesis via the loss of intrinsic metals associated 
with melanin in vivo and the incorporation of 
extrinsic metals. Following maturation, Ca and 
Zn are depleted in skin melanosomes; Fe (and, 
for experiments in DD water, Cu) were depleted 
in liver melanosomes. This almost certainly re-
flects changes in the chemical stability of the 
metallome of melanin upon heating, where 
changes in ambient pH and metal availability 
can induce loss of melanin-bound metals (e.g., 
via maturation in DD water; Hong and Simon, 
2007). It is not possible, however, to separate 
the respective contributions of heating and pH 
to the loss of melanin-associated elements due 
to the nature of our experimental setup.

Alteration of the melanin metallome is 
linked to the metal binding affinity of specific 
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Figure 2.  Linear discriminant analysis (LDA) of micro-synchrotron rapid scanning–X-ray fluores-
cence analysis (micro-SRS-XRF) data for melanosomes from the frog Xenopus laevis skin and 
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bonds (Hong et al., 2004). For Sepia melanin, 
Ca and Zn usually bind to carboxyl groups, Fe 
binds to amine groups, and Cu binds to phe-
nol groups. Changes in ambient conditions, 
however, can alter these associations (Hong 
and Simon, 2007). In Sepia, at pH 3–4 and 
with abundant aqueous Cu (Hong and Simon, 
2007), melanin can bind Cu at amine and car-
boxyl groups, triggering release of Ca, Zn, 
and Fe (Hong and Simon, 2007). Our experi-

ments confirm that these patterns in metal-
melanin binding apply to Xenopus skin me-
lanosomes: Following maturation at pH 3 and 
with abundant aqueous Cu, concentrations of 
melanosome-associated Cu increased, but con-
centrations of all other elements substantially 
decreased. This is consistent with the hypoth-
esis that Cu has substituted Zn and Ca in the 
melanin structure (see Hong and Simon, 2007). 
Matured melanosomes showed no evidence for 

Cu microprecipitates, suggesting the Cu was 
organically bound.

Our experiments used concentrated Cu-rich 
media and were not intended to replicate metal 
concentrations in fossil melanosomes. Direct 
comparison of our data with Cu concentration 
values reported for fossil melanosomes is thus 
not appropriate. Instead, our experiments il-
luminate patterns of Cu enrichment in fossils. 
Enrichment in Cu (but not in other elements) in 
all melanosome-bearing body regions in some 
vertebrate fossils (Rossi et al., 2020) can be ex-
plained by our experiments, which showed pref-
erential uptake of Cu by skin melanosomes and 
significant loss of other elements. This resulted 
in chemical convergence between tissues that 
originally differed in chemistry. The enrichment 
in Cu in some fossil vertebrate melanosomes 
and the loss of tissue-specific signals apparent 
in modern vertebrates (Rossi et al., 2020) thus 
likely reflect increased association of Cu with 
melanosomes (especially from integumentary 
tissues) during diagenesis. Changes in pH alone 
could potentially alter the melanosome metal-
lome, but analysis of the pH of the experimental 
medium during and after the experiment was not 
possible. Thus, we cannot exclude the possibil-
ity that pH changes contributed to our results.

Regardless, these data have critical impli-
cations for interpretation of fossil melanosome 

TABLE 1.  WELCH’S ANOVA AND POST-HOC TEST OF VARIATION IN SYNCHROTRON RAPID 
SCANNING–X-RAY FLUORESCENCE ANALYSIS (SRS-XRF) CONCENTRATIONS OF KEY ELEMENTS

Welch’s analysis of variance (ANOVA)
Ca Cu Fe Zn

p-value 1.53 E–93 9.9 E–213 2.4 E–126 1.80 E–116
denom df 341.22 347 340.3 338.68
num df 5 5 5 5

Games-Howell post-hoc test pair
Cu Fe Ca Zn

Skin (Cu)–liver (Cu) 1.00E–15 5.77E–13 1.00E–15 0.39
Liver (DD)–liver (Cu) 7.05E–11 9.10E–13 0.545 1.00E–15
Skin (DD)–liver (Cu) 1.00E–15 9.26E–13 1.00E–15 1.00E–15
Liver–liver (Cu) 0.607 3.30E–13 1 0.397
Skin–liver (Cu) 1.00E–15 4.13E–10 4.83E–10 1.00E–15
Liver (DD)–skin (Cu) 1.00E–15 0.098 1.00E–15 1.00E–15
Skin (DD)–skin (Cu) 1.00E–15 7.08E–11 0.000174 1.00E–15
Liver–skin (Cu) 1.00E–15 1.98E–14 1.00E–15 0.014
Skin–skin (Cu) 3.59E–09 6.96E–10 2.53E–14 2.25E–10
Skin (DD)–liver (DD) 1.00E–15 2.23E–07 1.02E–13 1.56E–10
Liver–liver (DD) 2.72E–13 2.42E–13 0.373 1.00E–15
Skin–liver (DD) 0.81 1.98E–07 1.00E–15 1.63E–11
Liver–skin (DD) 1.00E–15 1.99E–13 1.00E–15 4.43E–13
Skin–skin (DD) 1.00E–15 0.01 1.00E–15 1.00E–15
Skin–liver 3.54E–10 3.77E–10 1.00E–15 1.00E–15

Note: Bold text represents statistically significant p values. Cu—Cu-solution; DD—distilled deionized water; 
df—degrees of freedom.
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chemistry. The diagenetic bias in Cu incorpora-
tion and associated loss of tissue-specific chemi-
cal signals between skin and liver melanosomes 
render discrimination of skin and internal me-
lanosomes difficult in fossils that have experi-
enced overprinting of original chemistry by Cu 
incorporation.

Our Cu-XANES spectra indicate that the Cu 
associated with the melanosome extracts is con-
sistent with a mixture of Cu(I) and Cu(II). Cu(II) 
is commonly associated with melanin (Hong 
and Simon, 2007; Wogelius et al., 2011). Cu(I) 
can also associate with natural melanins (Rogers 
et al., 2019); chelation of reduced metals by mel-
anin may relate to protective functions against 
catalysis of Fenton reactions (Hong and Simon, 
2007). The minor contributions from Cu(I) in 
our untreated extracts may, therefore, be biologi-
cal and not an analytical artifact.

All extracts were analyzed under identical 
conditions; differences in the spectral profiles 
of the melanosomes analyzed are thus likely to 
be real. Intriguingly, our study showed differ-
ences in the response of skin and liver melano-
somes to maturation in Cu solution: The spectral 
profile for matured skin melanosomes changed 
markedly to a profile consistent with a dominant 
Cu(II) contribution, whereas that for matured 
liver melanosomes was unaltered. This supports 
the hypothesis that Cu is preferentially taken 
up by skin melanosomes and suggests that the 
“additional” Cu is primarily Cu(II). Cu-XANES 
and Cu-EXAFS (extended X-ray absorption fine 
structure) (Wogelius et al., 2011) may therefore 
aid in the identification of original versus diage-
netic Cu in fossil melanosomes.

In conclusion, our study provides the first 
experimental evidence that diagenetic processes 
can alter the metal inventory of melanosomes. 
An understanding of the chemical taphonomy 
of melanosomes is therefore critical to interpret-
ing preserved metal signatures in fossils. The 
combination of enrichment of melanosomes 
from most/all body regions in Cu and a homo-
geneous, strong Cu(II) signal in XANES spectra 
is likely to indicate diagenetic alteration. These 
results serve as a model to assess the extent of 
diagenetic overprinting of original melanosome 
chemistry. This will aid the identification of fos-
sil biotas that may retain components of original 
melanosome chemistry and thus are targets for 
studies of fossil color.
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